Acriflavine, a fluorescent drug previously used for bacterial and trypanosomal infections, reduces hypoxiainducible factor-1 (HIF-1) and HIF-2 transcriptional activity. In mice with oxygen-induced ischemic retinopathy, intraocular or intraperitoneal injections of acriflavine caused dose-dependent suppression of retinal neovascularization (NV) and significantly reduced expression of HIF-1-responsive genes. Intraocular injection of 100 ng caused inner retina fluorescence within 1 h that was seen throughout the entire retina between 1 and 5 days, and at 7 days after injection, strongly suppressed choroidal NV at Bruch's membrane rupture sites. After suprachoroidal injection of 300 ng in rats, there was retinal fluorescence in the quadrant of the injection at 1 h that spread throughout the entire retina and choroid by 1 day, was detectable for 5 days, and dramatically reduced choroidal NV 14 days after rupture of Bruch's membrane. After topical administration of acriflavine in mice, fluorescence was seen in the retina and retinal pigmented epithelium within 5 min and was detectable for 6-12 h. Administration of 0.5% drops to the cornea twice a day significantly reduced choroidal NV in mice. Electroretinographic b-wave amplitudes were normal 7 days after intravitreous injection of 100 ng of acriflavine in mice, showed mild threshold reductions at highest stimulus intensities after injection of 250 ng, and more extensive changes after injection of 500 ng. These data provide additional evidence for an important role for HIF-1 in retinal and choroidal NV and suggest that acriflavine can target HIF-1 through a variety of modes of administration and has good potential to provide a novel therapy for retinal and choroidal vascular diseases.
Introduction
Neovascularization (NV) and/or excessive vascular leakage occur in several retinal/choroidal vascular diseases.
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Choroidal NV occurs in age-related macular degeneration (AMD), the most common cause of moderate and severe vision loss in patients over the age of 60 [1] . Diabetic retinopathy is a common cause of vision loss in working age patients; vision loss can occur from retinal NV leading to vitreous hemorrhage and retinal detachment, or from excess vascular leakage resulting in macular edema [2] . Retinal NV and macular edema also cause vision loss in patients with retinal vein occlusion. This group of highly prevalent diseases share molecular mechanisms because in each, stabilization of HIF-1α plays an important role [3] [4] [5] [6] [7] . Stabilization of HIF-1α causes increased production of several hypoxia-regulated vasoactive proteins that contribute to NV and vascular leakage [8] . VEGF plays a particularly important role and intraocular injections of VEGFneutralizing proteins provide substantial benefits in neovascular AMD [9, 10] , diabetic macular edema [11, 12] , macular edema due to retinal vein occlusions [13] [14] [15] , and background diabetic retinopathy [16] . While most patients with these retinal/choroidal vascular diseases are benefited by intraocular injections of anti-VEGF injections, some have a suboptimal response, because HIF-1 increases levels of other vasoactive proteins in addition to VEGF that may contribute including platelet-derived growth factor-B (PDGF-B) [17, 18] , angiopoietin-2 (Angpt2) [19] [20] [21] [22] , and stromal-derived factor-1 (SDF-1) [23] . Combining anti-VEGF agents with new agents targeting some of these other factors or their receptors is an ongoing strategy to improve outcomes in retinal/choroidal vascular diseases [24] [25] [26] . An alternative strategy is to target HIF-1. To achieve this goal, a cell-based reporter assay was developed to screen for drugs that inhibit HIF-1 transcriptional activity. Screening of a library of approved drugs identified digoxin and other cardiac glycosides and the anthracycline chemotherapeutic agents doxorubicin (DXR) and daunorubicin (DNR) as potent inhibitors of HIF-1-mediated gene transcription [27, 28] . Digoxin acts by reducing HIF-1 levels, while DXR and DNR have no effect on levels and exert their effect by blocking the binding of HIF-1 to DNA. Digoxin, DXR, and DNR strongly suppress ocular NV [6, 7] .
Lee et al. [29] used an assay in which dimerization of HIF-1α and HIF-1β provided complementation of split Renilla luciferase thereby providing a tool to screen for drugs that block formation of HIF-1 from its subunits. Using this tool, acriflavine, a mixture of trypaflavin (3,6-diamino-10-methylacridinium chloride) and proflavine (3,6-diaminoacridine) , was found to bind to HIF-1α and HIF-2α and prevent their dimerization with HIF-1β to form HIF-1 and HIF-2. In a xenograft tumor model, acriflavine reduced expression of angiogenic cytokines and decreased tumor vascularization and growth. In this study, we investigated the effects of acriflavine in models of ocular neovascularization (NV).
Methods Mice
Pathogen-free C57BL/6 mice (Charles River, Wilmington, MA, USA) were treated in accordance with the Association for Research in Vision and Ophthalmology Statement for the Use of Animals and the guidelines of the Johns Hopkins University Animal Care and Use Committee.
Mouse model of oxygen-induced ischemic retinopathy (OIR)
At postnatal day (P) 7, litters of C57BL/6 mice were placed in an incubator containing 75% ± 3% oxygen continuously monitored with a Pro:Ox model 110 oxygen sensor (Reming Bioinstruments Co., Redfield, NY). At P12, the mice were returned to room air and dosed with acriflavine by the following routes: (1) an intravitreous (intraocular) injection of 1 μl of PBS containing 50 or 100 ng of acriflavine in one eye and 1 μl of PBS in other eye, (2) daily intraperitoneal injections of 0.1, 1, or 5 mg/kg of acriflavine, or (3) topical eye drops containing 0.1% or 0.5% acriflavine three times a day. At various time points after initiation of dosing, mice were euthanized and retinas were dissected and used for quantitative real-time RT-PCR, ELISA, or measurement of area of retinal NV.
Quantitative real-time RT-PCR (qrtPCR)
At P17, mice with OIR or control mice were euthanized and retinas were dissected. Retinal RNA was isolated using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and treated with DNase (Ambion, Austin, TX, USA) according to the manufacturer's instructions. Oligonucleotide primers (Table 1) were designed using Primer3 input (version 0.4.0), and cDNA was prepared using Superscript III First Strand Synthesis kit (Invitrogen, USA). Quantitative RT-PCR was done to measure target gene expression using Lightcycler real-time PCR detection system (Roche) using Cyclophilin-A for normalization as previously described [30] .
Measurement of VEGF levels by ELISA
At P12, mice with OIR had injection of 100 ng of acriflavine in one eye and PBS in the other eye. At P15, mice were euthanized and retinas were dissected from each eye, frozen on dry ice, and stored at −80°C. Specimens were extracted using 0.1% Triton X-100 in PBS with protease inhibitors (Roche, Mannheim, Germany) for 2 h at 4°C, and microfuged. Total protein was measured in supernatants using the Bio-Rad Protein Assay (Bio-Rad, Hercules, CA), and VEGF was measured using a single antibody sandwich ELISA in 96-well immunoplates (R&D Systems, Inc., Minneapolis, MN) according to the manufacturer's instructions.
Measurement of the area of retinal NV in OIR mice
Mice were euthanized at P17 and eyes were fixed in 10% formalin for 2 h at room temperature. Retinas were dissected, washed, and incubated for 1 h in 1:500 Alexa-594 labeled Griffonia Simplicifolia Lectin I (GSA, Invitrogen, USA) and flat mounted. With this short incubation time, there is selective staining of retinal NV and hyaloid vessels but no staining of pre-existent retinal vessels. Retina images were obtained using an Axioskop fluorescent microscope (Zeiss, Thornwood, NY) and video camera and frame grabber (IKTU40A, Toshiba, Tokyo, Japan). The area of retinal NV per retina was measured by image analysis using Image-Pro Plus software (Media Cybernetics, Silver Spring, MD) with the observer masked with regard to treatment group.
Mouse model of laser-induced choroidal NV
Choroidal NV was generated as previously described [31] . Briefly, 6-week-old C57BL/6 mice had rupture of Bruch's membrane in 3 locations in each eye by laser photocoagulation and were treated with acriflavine or vehicle by various modes of administration: intraperitoneal injections, intravitreous injections, or topical administration. Seven days after rupture of Bruch's membrane, mice were euthanized, eyecups were stained with FITC-labeled GSA (Vector Laboratories, Burlingame, CA), and flat mounted. The area of choroidal NV at each Bruch's membrane rupture site was measured by image analysis by an observer masked with respect to treatment group. The area of choroidal NV at the 3 rupture sites in one eye was averaged to give one experimental value.
Rat model of laser-induced choroidal NV
Male brown Norway rats at 7-8 weeks of age had laserinduced rupture of Bruch's membrane in 5 locations four disk areas from the optic nerve in each eye using a 532-nm diode laser photocoagulation (100-μm spot size, 100-ms duration, 150-mW power). Immediately after the laser, suprachoroidal injections of 30 or 300 ng of acriflavine were done in one eye and PBS in the fellow eye. The sclera was partially penetrated 2 mm from the limbus with a 27-gauge needle and then a 33-gauge Hamilton syringe with a blunt end was inserted and using blunt dissection, the tip was advanced into the suprachoroidal space and 3 μl of acriflavine was injected. Fourteen days after injection, rats were euthanized, eyes were removed, retinas were removed, and eyecups were stained with 1:500 Alexa-594 labeled GSA. The area of choroidal NV at Bruch's membrane rupture sites was measured by image analysis as described above. The mean of the 5 values in each eye was used as a single experimental value.
Visualization of acriflavine in the retina
At several time points after intraocular injection or topical administration of acriflavine in mice or suprachoroidal injection of acriflavine in rats, animals were euthanized, the eyes were removed and frozen in OCT and 10-μm frozen ocular sections were cut. The frozen sections were post-fixed in 4% paraformaldehyde for 15 min, washed with PBS, mounted, and examined by fluorescence microscopy. Images were photographed with the same exposure time for each section.
Measurement of acriflavine in retina and eyecup after topical administration
Mice were given 5 μl of 1% acriflavine in one eye taking care to blot any excess acriflavine that came onto the lids to avoid cross-contamination. The other eye was left untreated. Another group of mice did not receive any acriflavine. After 2 h, the mice were euthanized, eyes removed, and retinas and eyecups were dissected and homogenized in 300 μl of PBS. The homogenates were centrifuged at 18,400 x g for 5 min. The spectral properties of acriflavine vary depending upon the proportion of trypaflavin and proflavine, and whether it is in solution or bound to macromolecules in solution or tissue [32, 33] . The acriflavine used in our study in PBS had peak excitation and emission wave lengths of 416 nm and 514 nm. The protein concentration of supernatants was measured, each sample was diluted to 1 μg/μl, and a plate reader was used to measure fluorescence at 514 nm after stimulation at 416 nm. Supernatants from retinal and eyecup homogenates from eyes of mice that were not treated with acriflavine were used to measure fluorescence from endogenous fluorophores and this was subtracted from the values obtained from supernatants of acriflavine-treated and fellow eyes. We made several concentrations of acriflavine in PBS, stimulated with 416-nm light and recorded fluorescence at 514 nm to generate a standard curve The standard curve was used to convert these values to acriflavine levels.
Electroretinography (ERG)
Mice had intravitreous injection of 100, 250, or 500 ng, respectively, of acriflavine in one eye and PBS in the fellow eye. Seven days after injection, ERGs were recorded with an Espion ERG Diagnosys machine (Diagnosys, Littleton, MA) as previously described. [34] Mice were dark-adapted, anesthetized, placed on a pad heated to 39°C, pupils were dilated, and platinum loop electrodes were placed on each cornea after application of Gonioscopic prism solution (Alcon Labs, Fort Worth, TX). A reference electrode was placed subcutaneous in the anterior scalp between the eyes, and a ground electrode was inserted into the tail. The head of the mouse was held in a standardized position in a ganzfeld bowl illuminator that ensured equal illumination to each eye. Recordings for both eyes were made simultaneously with electrical impedance balanced. Sixty scotopic measurements were taken and the average value was recorded. Mice were adapted for 12 h to a background of white light of 30 cd/m2, and photopic ERGs were performed with a background intensity of 10 cd/m2.
Statistical analyses
Shapiro-Wilk and Shapiro-Francia tests for normality were used for examining the normality of each variable. Paired ttests or ANOVA with Dunnett's correction for multiple comparisons were used for normally distributed variables and Wilcoxon matched-pairs signed-ranks tests were used for variables with skewed distributions.
Results

Intravitreous or intraperitoneal injections of acriflavine suppress ischemia-induced retinal NV and choroidal NV
Retinal ischemia plays a critical role in the development of retinal NV in proliferative diabetic retinopathy, retinopathy of prematurity, and other ischemic retinopathies. Oxygeninduced ischemic retinopathy (OIR) is a model that is relevant to these diseases and provides predictive information for therapeutic interventions [35, 36] . In this model, neonatal mice are placed in 70% oxygen at postnatal day (P) 7 which causes down-regulation of VEGF resulting in regression of newly developed retinal vessels [37] . The mice are returned to room air at P12 and HIF-1 and VEGF rapidly increase in portions of retina lacking blood vessels [3] .
Therefore, the effect of acriflavine on retinal NV was tested in mice with OIR. At P12, mice with OIR were given daily intraperitoneal (systemic) injections of vehicle or 0.1, 1, or 5 mg/kg of acriflavine and at P17 mice were euthanized, retinas were dissected and stained with GSA lectin using an incubation time that selectively stains retinal NV and hyaloid vessels but not pre-existent retinal vessels. A representive retinal flat mount from a mouse treated with 5 mg/kg of acriflavine shows markedly less retinal NV than that seen in a control retina (Fig. 1a) . Compared with control retinas, the mean area of NV per retina was significantly less in mice injected with 0.1, 1, or 5 mg/kg of acriflavine. Another group of mice with ischemic retinopathy had an intravitreous injection of 0, 1, 10, or 50 ng of acriflavine at P12 and measurement of retinal NV at P17. A representative retinal flat mount from an eye injected with 50 ng of acriflavine shows less retinal NV than that in a control eye (Fig. 1b) . Compared with controls, the mean area of retinal NV per retina was significantly less in eyes injected with 10 or 50 ng, but not 1 ng of acriflavine. Choroidal NVoccurs in diseases of Bruch's membrane and the retinal pigmented epithelium (RPE), the most prevalent of which is AMD. Mice with laser-induced rupture of Bruch's membrane [31] provide a model of choroidal NV that is predictive of therapeutic effects in patients with neovascular AMD [10, 38, 39] . After laser-induced rupture of Bruch's membrane, daily intraperitoneal injections of 5 mg/kg of acriflavine (Fig. 1c) or intravitreous injection of 50 ng of acriflavine (Fig. 1d) significantly reduced the mean area of choroidal NV compared with vehicle controls. Thus, acriflavine suppresses retinal and choroidal NV.
Intraocular injection of acriflavine reduces expression of HIF-1-responsive genes in ischemic retina
Mice with ischemic retinopathy had intraocular injection of 100 ng acriflavine in one eye and vehicle in the fellow eye at the onset of retinal ischemia at P12. At P15, compared to ischemic retinas in fellow eye controls, those from eyes injected with acriflavine showed significant reduction in mRNA for Angpt-2, PDGF-B, and VEGF-A, (Fig. 2a-c) . Acriflavine also caused a significant reduction in VEGF protein in ischemic retina (Fig. 2d) .
Time course of acriflavine visualization in retina after intravitreous injection
Acriflavine is fluorescent with excitation and emission wavelenghs similar to fluorescein allowing its visualization with the same filters used for FITC-labeled molecules. This allowed us to visualize acriflavine in ocular sections at various time points after intravitreous injection of acriflavine in normal adult mice. One hour after intravitreous injection of 100 ng of acriflavine, bright fluorecence was seen throughout the ganglion cell and inner nuclear layers (Fig. 3, upper left) . By 4 h after injection, there was strong fluorescence throughout the entire retina (upper middle) that appeared quite similar at 6 h (upper right), 1 day (lower left), and 5 days (lower middle) after injection. By 10 days after injection, there was little remaining fluorescence (Fig. 3, lower right) .
Suprachoroidal injection of acriflavine strongly suppresses rat choroidal NV Suprachoroidal injection is a relatively new route of delivery that may have some advantages over intravitreous injection because drug is confined in a space posterior to the retina and does not spread as much throughout the entire eye. This type of injection is not feasible in mice, but is feasible in rats. Therefore, suprachoroidal injections of acriflavine were tested in Brown Norway rats. One hour after suprachoroidal injection of 300 ng of acriflavine in rats, there was fluorescence in the retina primarily in the quandrant of the eye that the injection had been given (Fig. 4a, column 1, top) . High magnification showed intense fluorescence in the outer nuclear layer of the retina, some light staining in the sclera with an overlying hypofluorescent space probably due to fluid in the suprachoroidal space (column 1, bottom). The pattern of fluorescence was very similar 6 h after injection (Fig. 4a,  column 2 ), but by 1 day the fluorescent staining extended throughout the entire retina and even anterior to the retina 180°from the site of injection (Fig. 4a, column 3, top) . High magnification showed faint staining in the sclera with reduction in the thickness of the overlying hypofluorescent band suggesting resorption of much of the fluid in the suprachoroidal space (Fig. 4a, column 3, bottom) . Five days after injection, there was faint staining in the sclera, choroid, RPE, and outer retina around the circumference of the globe (Fig. 4a, column 4) . A cohort of rats had laserinduced rupture of Bruch's membrane followed by suprachoroidal injection of 30 or 300 ng of acriflavine or PBS and after 14 days, eyes injected with either dose of acriflavine showed marked reduction in the mean area of choroidal NV compared with vehicle controls (Fig. 4b) . Fig. 2 Acriflavine suppresses expression of hypoxia-regulated genes in ischemic retina. At P12, mice with ischemic retinopathy were given an intraocular injection of 100 ng of acriflavine in one eye and PBS in the other eye. Mice were euthanized at P15, eyes (n = 5 for each panel) were removed, and total retinal RNA was isolated or the retina was homogenized in ELISA buffer. The mean (±SEM) number of transcripts per 10 6 cyclophilin A transcripts measured by qRT-PCR for Angiopoietin 2 (Angpt-2, a), platelet-derived growth factor-B (PDGF-B, b), and vascular endothelial growth factor-A (VEGF, c) was significantly less in ischemic retinas from acriflavine-injected eyes compared with PBS-injected fellow eyes (*p < 0.05 by unpaired t test). The mean (±SEM) level of VEGF protein measured by ELISA was significantly less in ischemic retinas from acriflavine-injected eyes compared with PBS-injected eyes (*p < 0.05 by unpaired t test) Acriflavine is visualized in the retina for several hours after administration of a single eye drop in mice Next we sought to visualize and track the entry of acriflavine into the eye after its topical application to the ocular surface. Five minutes after topical administration of 5 μl of a 0.1% solution of acriflavine (5 μg), there was fluorescence in the RPE and outer retina (Fig. 5a, column 1, top row) . By 1 h after administration, there was faint fluorescence throughout the entire retina that faded over the next 5 h and was gone by 12 h after administration (Fig. 5a, column 1) . After administration of 5 μl of a 0.5% solution of acriflavine (25 μg), the pattern and time course of fluorescence were similar to that seen after a 0.1% drop, but the intensity was greater (Fig. 5a, column 2) . There was intense fluorescence throughout the entire retina for at least 3 h after administration of 5 μl of 1% (50 μg) acriflavine (Fig. 5a, column 3 ) and for at least 6 h after administration of 10% (500 μg) acriflavine (Fig. 5a, column 4) .
Topical administration of acriflavine suppresses choroidal NV
After observing that topically applied acriflavine penetratedi into the eye and was detectable in the retina and choroid, we sought to determine the effect of topically applied acriflavine could suppress choroidal NV. Bruch's membrane was ruptured in both eyes of mice and then one eye was treated by topical administration of 5 μl of 0.5% acriflavine (25 μg) three times and the fellow eye was treated with 5 μl of PBS three time a day. Representative choroidal flat mounts stained with FITC-GSA showed small areas of choroidal NV in eyes treated with acriflavine (Fig. 5b, left panel) compared to the corresponding control eye (middle panel). The mean area of choroidal NV was significantly less in acriflavine-treated eyes compared with fellow eye controls (Fig. 5b, right panel) . Fig. 3 Visualization of acriflavine in the retina after intraocular injection. Adult C57BL/6 mice were given an intraocular injection of 100 ng of acriflavine and euthanized at 1, 4, and 6 h and 1, 5, or 10 days. Frozen ocular sections were examined by fluorescence microscopy. Acriflavine was visualized in the inner retina at 1 h after injection and throughout the entire retina through 5 days. It became undetectable in the retina between 5 and 10 days Acriflavine levels are greater in RPE/choroid than in retina 2 h after topical delivery Based upon the change in fluorescence over time in ocular sections after topical administration of acriflavine, it appeared that acriflavine penetrated through sclera to the choroid and then the retina. To quantitively test this, we sought to measure levels of acriflavine in RPE/choroid and retina at an early time point. Two hours after administration of 5 μl of 1% acriflavine in one eye, there was Fig. 4 Acriflavine injected into the suprachoroidal space is visualized throughout the entire retina and suppresses choroidal neovascularization (NV) in rats. a Pigmented rats were given a suprachoroidal injection of 300 ng of acriflavine and euthanized 1 and 6 h and 1 or 5 days after injection. Frozen ocular sections were examined by fluorescence microscopy and showed acriflavine in the anterior part of the choroid and retina on the side of the injection at 1 and 6 h after injection. At 1 day after injection, acriflavine fluorescence was greatest in the retina on the side of the injection, but could be seen throughout the posterior retina and in the retina on the side opposite the injection. At 5 days after injection, there was only faint fluorescence remaining. b Pigmented rats had laserinduced rupture of Bruch's membrane in 5 locations in each eye followed by a suprachoroidal injection of 30 or 300 ng of acriflavine in one eye and PBS in the fellow eye (n = 6 for each dose). After 14 days, the rats were euthanized and choroidal flat mounts were stained with FITC-labeled Griffonia Simplicifolia lectin. A representative choroidal flat mount from an eye injected with acriflavine shows a small area of choroidal NV (left panel) compared to that from the fellow eye injected with PBS (middle panel). The mean area of choroidal NV was significantly less in eyes injected with 30 or 300 ng acriflavine compared to corresponding controls. *p = 0.0014 (30 ng); p = 0.0012 (300 ng) for difference between acriflavine and corresponding PBS controls by unpaired t-test intense fluorescence in the choroid, outer retina, and ciliary body of the treated eye and faint fluorescence in the fellow eye, which primarily represents autofluorescence, because it appears the same as that seen in a negative control eye of a mouse never exposed to acriflavine (Fig. 6, top row) . Using a standard curve, the amount of acriflavine in supernatants of retinal and eyecup (RPE, choroid, and sclera) homogenates was about 3 and 28 μg/mg protein and significantly greater than measurements in the control fellow eye (Fig. 6,  bottom row) . These data suggest that after a drop of acriflavine is placed on the eye, it passes through the conjunctiva and sclera to enter the choroid and then the retina.
Effect of intraocular injection of acriflavine on retinal function
The electrical activity of the retina is measured by ERGs. Scotopic ERGs are done with dim background illumination after dark adaptation and test rod photoreceptor function; scotopic a-wave amplitudes provide a direct measure of rod Fig. 5 Topically administered acriflavine is visualized in the retina and suppresses choroidal neovascularization (NV). a C57BL/6 mice had 5 μl of 0.1% (5 μg), 0.5% (25 μg) 1.0% (50 μg), or 10.0% (500 μg) acriflavine placed on the cornea of one eye of mice and 5 μl of PBS was placed in the other eye. Mice were euthanized at various times after administration and ocular frozen sections were examined by fluorescence microscopy. Fluorescence was visible in the retinal pigmented epithelium (RPE) and outer retina 5 min after administration of 0.1% acriflavine and was seen throughout the retina 5 min after administration of 0.5, 1, or 10%, respectively. The fluorescence became more intense and then faded with residence time in the retina greater for higher doses. b Six mice had laser induced rupture of Bruch's membrane in three locations in each eye and then had topical administration three times a day of 5 μl of 0.5% acriflavine in one eye and PBS in the other eye. After 7 days, choroidal flat mounts were stained with FITC-labeled GSA-Lectin. The mean area of choroidal NV was significantly smaller in acriflavine-treated eyes compared with PBS-treated eyes (*p = 0.028 by Wilcoxon matched-pairs signed-ranks test function, while scotopic b-wave amplitudes are generated by the inner retina and provide an assessment of the function of rods and second order neurons. Photopic ERGs are done after light adaptation with bright background illumination and photopic ERG b-waves provide an assessment of cone photoreceptor function. Mice were given an intravitreous injection of 100, 250, or 500 ng of acriflavine in one eye and PBS in the fellow eye. After 7 days, there was no difference in scotopic a-or b-wave amplitudes or photopic b-wave amplitudes in eyes injected with 100 ng acriflavine compared to fellow eye controls (Fig. 7, left column) . Seven days after injection of 250 ng of acriflavine, there was a small, but significant reduction in photopic and scotopic b-wave amplitudes for the highest stimulus intensities. (Fig. 7, middle  column) . After injection of 500 ng acriflavine, there were larger reductions in ERG function (Fig. 7, right column) . These data suggest that there is normal retinal function after intravitreous injection of 100 ng of acriflavine, mild dysfunction after injection of 250 ng, and substantial dysfunction after injection of 500 ng.
Discussion
Acriflavine has been known to have trypanocidal and antibacterial activity for nearly a century [40] . Its first clinical use was for treatment of gonorrhea, for which 40-80 mg was given intravenously at 2-3 day intervals [41] . Daily oral doses of 90-120 mg for 2 weeks in 2500 men with gonorrhea were reported to be effective and well-tolerated with one case of jaundice. It was replaced by penicillin and there is no clinical experience with its use in modern medicine. However, interest in acriflavine has been rekindled by demonstration that it binds HIF-1α and HIF-2 α, and prevents their dimerization with HIF-1β, thereby blocking HIF-1-and HIF-2-mediated transcriptional activation [29] . In this study, we found that intraocular injection of acriflavine reduced the expression of multiple HIF-1-regulated genes in ischemic retina. Daily intraperitoneal injections or a single intravitreous injection of acriflavine showed dose-dependent suppression of ischemia-induced retinal NV, which is relevant to proliferative diabetic retinopathy. Acriflavine was potent with suppression of retinal NV seen Fig. 6 Two hours after topical application of acriflavine, levels are higher in RPE/choroid than in retina and far higher in dosed eye than in fellow eye. Mice (n = 5) were given a single 5 μl drop of 0.5% acriflavine in one eye and after 2 h fluorescence was seen in the sclera, choroid, RPE, and outer retina of treated eyes (top row, left), but fellow eyes showed only mild fluorescence (top row, middle) that is likely predominantly autofluorescence because it appears identical to that seen on ocular sections from eyes of negative control mice that never received acriflavine (top row, right). Fluorescence was extracted from retinal and eyecup (RPE/choroid/ sclera) homogenates, normalized based upon protein concentration, and measured on a plate reader (excitation 416 nm, emission 514 nm) along with several concentrations of acriflavine to generate a standard curve. Mean autofluorescence obtained from negative control eyes (n = 5) was subtracted from each sample reading and the standard curve was used to calculate the concentration of acriflavine in each sample. The mean level of acriflavine was significantly higher in the retinas and eyecups of treated eyes compared to fellow eyes and substantially higher in eyecups than retinas (bottom row) with systemic doses as low as 0.1 mg/kg or a single intraocular injection of 10 ng. Intraperitoneal injections or a single intravitreous injection of acriflavine also strongly inhibited choroidal NV, which is relevant to neovascular AMD.
These data add to the growing body of evidence suggesting that HIF-1 is an important target for treatment of retinal and choroidal vascular diseases. Other drugs that decrease HIF-1 transcriptional activity by other mechanisms also suppress retinal and choroidal NV, including digoxin which reduces HIF-1 levels by preventing the accumulation of HIF-1α in hypoxic cells [6, 27] and anthracyclines which inhibit HIF-1 binding to DNA [7, 28] . Each of these drugs has other activities, but they each reduce transcription of HIF-1 target genes in ischemic retina and strongly suppress retinal and choroidal NV indicating the critical role of HIF-1 in these disease processes.
In addition to providing another tool to explore the role of HIF-1 in ocular disease processes, acriflavine is fluorescent making it possible track its penetration into the retina and its exit over time. With any new therapeutic, it is useful to explore efficacy after different routes of administration to consider which might be most useful in the clinic. With acriflavine, it was possible to also track entry and exit from the retina after different routes of administration. It penetrated through the inner retina by 1 h after intravitreous injection of 100 ng and throughout the entire retina within 4 h. The fluorescence intensity decreased slightly between 4 h and 5 days and was eliminated from the retina by 10 days. Since it was possible to track acriflavine entry into and exit from the retina after intravitreous injection, we sought to assess entry and exit after other modes of administration. Within 5 min of placement of 5 μl of acriflavine on the eye, fluorescence was seen in the RPE and outer retina and penetrated into the inner retina at later time points. Measurement of acriflavine levels 2 h after topical administration confirmed that levels were higher in RPE/choroid than retina. This suggests that acriflavine penetrated through the sclera and choroid into the retina, which is consistent with previous observations with other topical agents [42] . There was strong fluorescence throughout the retina 6 h after administration of 10% acriflavine and it was still detectable at 12 h, suggesting that with a 10% solution twice a day dosing would be sufficient to maintain some acriflavine within the retina. Fluorescence disappeared from the retina between 3 and 6 h after administration of 5 μl of 0.5% acriflavine suggesting that three times a day dosing would allow retinal levels of acriflavine to drop to undetectable levels between doses, but this was sufficient to strongly suppress choroidal NV in dosed eyes compared to fellow eyes (Fig. 5b) . The comparison with fellow eyes indicates that the suppression occurred from local entry into the dosed eye and not entry into the systemic circulation. Fig. 7 Retinal electroretinogram (ERG) function after intraocular injection of acriflavine. C57BL6 mice had an intravitreous injection of 100, 250, or 500 ng, respectively, of acriflavine in one eye and PBS in the other eye (n = 5 for each). After 7 days, eyes injected with 100 ng acriflavine had photopic b-wave amplitudes and scotopic a-and b-wave amplitudes that were identical to those seen in PBS-injected fellow-eyes (left column). Eyes injected with 250 ng acriflavine had normal scotopic awave amplitudes but scotopic and photopic b-wave amplitudes were mildly, but significantly reduced at the highest stimulus intensities (middle column). The eyes injected with 500 ng acriflavine had greater reduction in ERG amplitudes than that seen with 250 ng (right column). *p < 0.05 compared with corresponding fellow-eye PBS control by unpaired t test Suprachoroidal injection provides a relatively new route of drug delivery to the retina [43, 44] . For at least 6 h after suprachoroidal injection, acriflavine remained localized in the quadrant of the injection, but by 1 day after injection, it was seen throughout the entire retina even in the quadrant 180°from the injection site and was detectable for at least 5 days after injection. Suprachoroidal injection of 30 or 300 ng of acriflavine dramatically reduced choroidal NV at Bruch's membrane rupture sites in rats suggesting that this mode of administration, particularly if combined with sustained delivery, is very promising.
We previously observed that intraocular injection of high doses of two other HIF-1 inhibitors, digoxin and doxorubicin, caused reduction in ERG b-wave amplitudes. We therefore investigated the effect of intraocular injection of acriflavine on ERG function. One week after intravitreous injection of 250 ng of acriflavine in mice, there were mild reduction in scotopic and photopic b-wave amplitudes at highest stimulus intensities and greater ERG deficits occurred after intravitreous injection of 500 ng. Efficacy is seen in the 10-50 ng range providing an approximate margin of 10 to 50-fold between efficacious and toxic intravitreous doses. The level of suppression of ocular NV by acriflavine after systemic or intraocular delivery is comparable to that of other HIF-1 inhibitors digoxin, DNR, or DXR, but the therapeutic window after intravitreous injection appears somewhat wider for acriflavine compared to digoxin, DNR, or DXR [6, 7] . Sustained release of low levels of acriflavine may be the best strategy to target the efficacious range of intraocular concentrations with the greatest safeguard against exceeding the lower threshold of the toxic range. In addition, it will be important to determine if the margin between efficacy and toxicity is greater with different modes of administration.
HIF-1 is also an important target for treatment of tumors. Like acriflavine, a cyclic peptide, cyclo-CLLFVY, that inhibits HIF-1 dimerization and transcriptional activity was identified by high-throughput screening and was demonstrated to reduce HIF-1 signaling in several cancer cell lines [45] . Photodynamic therapy (PDT) uses light exposure to activate a tumor-localized photosensitizer causing production of reactive oxygen species that damage tumor vasculature and promotes tumor cell death; however, it is accompanied by HIF-1 stabilization which promotes tumor cell survival. In A431 tumor cells, inhibition of HIF-1 with acriflavine increased PDT-induced tumor cell death [46] . Thus, acriflavine may be useful for treatment of some tumors.
In conclusion, we have demonstrated that the HIF-1 inhibitor acriflavine strongly suppresses retinal NV which is relevant to proliferative diabetic retinopathy and other ischemic retinopathies and choroidal NV which is relevant to neovascular AMD. This provides additional evidence of the important role of HIF-1 in these disease processes and suggests that acriflavine may provide a novel therapeutic agent that could have advantages over currently used agents because it targets multiple participating vasoactive proteins. The fluorescence of acriflavine allowed tracking its entrance and exit from the retina after several different routes of administration. Efficacy was demonstrated after topical administration in mice and after suprachoroidal injection in rats. Additional studies are needed to further explore these relatively noninvasive delivery approaches in other animal models.
